GABA release during cerebral energy deprivation (produced by anoxia or ischemia) has been suggested either to be neuroprotective, because GABA will hyperpolarize neurons and reduce release of excitotoxic glutamate, or to be neurotoxic, because activation of GABA A receptors facilitates Cl Ϫ entry into neurons and consequent cell swelling. We have used the GABA A receptors of hippocampal area CA1 pyramidal cells to sense the rise of [GABA] o occurring in simulated ischemia. Ischemia evoked, after several minutes, a large depolarization to ϳϪ20 mV. Before this "anoxic depolarization," there was an increase in GABA release by exocytosis (spontaneous IPSCs). After the anoxic depolarization, there was a much larger, sustained release of GABA that was not affected by blocking action potentials, vesicular release, or the glial GABA transporter GAT-3 but was inhibited by blocking the neuronal GABA transporter GAT-1. Blocking GABA A receptors resulted in a more positive anoxic depolarization but decreased cell swelling at the time of the anoxic depolarization. The influence of GABA A receptors diminished in prolonged ischemia because glutamate release evoked by the anoxic depolarization inhibited GABA A receptor function by causing calcium entry through NMDA receptors. These data show that ischemia releases GABA initially by exocytosis and then by reversal of GAT-1 transporters and that the resulting Cl Ϫ influx through GABA A receptor channels causes potentially neurotoxic cell swelling.
Introduction
Much of the neuronal death caused by cerebral ischemia or anoxia is triggered by glutamate release (Choi and Rothman, 1990; Lipton, 1999) , which is initially caused by Ca 2ϩ -dependent exocytosis but subsequently by reversal of neuronal glutamate transporters when transmembrane ion gradients run down (Katchman and Hershkowitz, 1993; Madl and Burgesser, 1993; Wahl et al., 1994; Roettger and Lipton, 1996; Rossi et al., 2000) . Part of this death occurs as a consequence of glutamate-evoked Ca 2ϩ entry through NMDA receptor channels, which activates Ca 2ϩ -dependent enzymes, disrupts mitochondrial function, and triggers necrosis or apoptosis, in part by release of cytochrome c (Ankarcrona et al., 1995; Kluck et al., 1997; Yang et al., 1997; Fujimura et al., 1998) . However, chloride removal also reduces early ischemia-and glutamate-evoked cell swelling and death (Rothman, 1985; Olney et al., 1986; Choi, 1987; Goldman and Choi, 1993) . This suggests that a component of glutamate-and ischemia-evoked neuronal death is caused by glutamatedepolarizing cells, leading to Cl Ϫ influx, followed by water influx and cell swelling, which, if excessive, leads to cell death. Consistent with this, increasing the extracellular osmolarity during transient ischemia reduces neuronal death (Otsubo et al., 1993) .
Much interest has focused on the release of glutamate during energy deprivation because of its excitotoxic actions, but GABA release in anoxia/ischemia (Hagberg et al., 1985) is also likely to be important, for two reasons. First, the activation of GABA A receptors will affect the depolarization of neurons that occurs and thus alter the extracellular glutamate concentration that is produced by reversal of glutamate transporters (the glutamate concentration increases exponentially with membrane depolarization) (Attwell et al., 1993) . In adult neurons, the chloride reversal potential is more negative than the resting potential, and GABA A receptor activation is expected to reduce the depolarization occurring, so GABA release might be neuroprotective. Second, consideration of cell death induced by swelling suggests a potentially toxic action of ischemic GABA release. Activation of GABA A receptors will increase Cl Ϫ entry when glutamate depolarizes neurons (Hansen, 1985; Inglefield and Schwartz-Bloom, 1998 ) and thus increase water entry and cell swelling. Consistent with this, in retinal and cerebellar cells, cell death evoked by activation of glutamate receptors can be reduced by blocking GABA A receptors (Chen et al., 1999) .
Despite the potential importance of GABA release during CNS energy deprivation and therapeutic developments based on modulating the actions of GABA (Green et al., 2000) , there is no consensus on its release mechanism. GABA release has been attributed to exocytosis dependent on extracellular Ca 2ϩ (Djali and Dawson, 2001) , to leak through ruptured cell membranes (Phillis et al., 1994) , or to reversal of Na ϩ -dependent GABA transporters (Zeevalk and Nicklas, 1996; Saransaari and Oja, 1997) . We have, therefore, reinvestigated the mode of release of GABA and its effects when the hippocampus is exposed to simulated ischemia. The results show that GABA is released initially by exocytosis and then by reversed uptake and that GABA release reduces the depolarization produced by ischemia but increases cell swelling in early ischemia.
Materials and Methods
Brain slices and extracellular solution. Sprague Dawley rats, 12 d old, were killed by cervical dislocation in accordance with United Kingdom animal experimentation regulations. Thin (225 m) hippocampal slices were cut using a vibrating slicer, and patch-clamp recordings from visually identified pyramidal cells in area CA1 were performed (Rossi et al., 2000) . Experiments were at 33 Ϯ 1°C, with the slices submerged in flowing (10 ml/min) extracellular solution containing (in mM) 126 NaCl, 24 NaHCO 3 , 1 NaH 2 PO 4 , 2.5 KCl, 2.5 CaCl 2 , 2 MgCl 2 , and 10 D-glucose (gassed with 95% O 2 /5% CO 2 ), pH 7.4. Kynurenic acid (1 mM; Sigma, Paisley, UK) was included in the dissection and incubation solution (to block glutamate receptors, to reduce potential excitotoxic damage) but was omitted from the superfusion solution. Ischemia was simulated by replacing 10 mM glucose with 7 mM sucrose, bubbling with 95% N 2 /5% CO 2 and, to get a reproducible fast onset to the ischemic response, adding 2 mM Na-iodoacetate (Sigma) and 1 mM Na-cyanide (BDH, Poole, UK) to block glycolysis and oxidative phosphorylation (Reiner et al., 1990) . Drugs were added directly to the external solution from stock solutions in water [GABAzine, SKF-89976A, NBQX, D-AP5, and MK-801 were obtained from Tocris (Bristol, UK), TTX was from Alomone (Jerusalem, Israel), and 7-chlorokynurenate was from Sigma]. For experiments using concanamycin to block vesicle loading with transmitter, slices were presoaked for at least 2 hr in 0.5 M concanamycin (ICN Biomedicine, Aurora, OH), whereas control slices were soaked in external solution lacking concanamycin (both solutions contained 1 mM kynurenic acid to block glutamate receptors; concanamycin was made up as a 50 M stock in DMSO, and a corresponding amount of DMSO was added to the control soaking solution). Concanamycin was not present in the subsequent recording solution. For ␤-alanine pretreatment, slices were soaked in solution containing 1 mM ␤-alanine (Sigma) for 1 hr before recording in solution lacking ␤-alanine.
Whole-cell clamping. Patch pipettes were pulled from thick-walled borosilicate glass capillaries and filled, for whole-cell voltage-clamp recordings with E Cl ϭ 0 mV, with an internal solution containing (mM) 130 CsCl (Cs ϩ was used as the main cation rather than K ϩ to improve voltage uniformity), 4 NaCl, 10 HEPES, 10 BAPTA, 4 MgATP, 0.5 Na 2 GTP, and 10 QX-314 (to suppress voltage-gated sodium currents), pH adjusted to 7.2 with CsOH. In some experiments, BAPTA was replaced with 5 mM EGTA and 0.5 mM CaCl 2 , as described in Results. All experiments were performed at a holding potential of Ϫ33 mV. Electrode junction potentials were compensated for. To stimulate synaptic inputs, glass pipettes (resistance, ϳ1-2 M⍀ filled with extracellular medium) were placed in the stratum radiatum or stratum oriens.
Series resistance. The series resistance in the whole-cell mode was typically 4 M⍀ before compensation and 1-2 ⌴⍀ after 60% compensation. The large size of the current changes evoked by ischemia [up to 6 nA at the peak of the anoxic depolarization (AD)] means that, even after compensation, significant series resistance voltage errors will inevitably occur (a detailed analysis was described by Hamann et al., 2002) . Data are presented here without correction for this, because the series resistance was similar in different experimental conditions, and correcting for series resistance voltage errors would not alter the conclusions reached.
Perforated patch recording. To record the voltage or current response of pyramidal cells to ischemia without perturbing intracellular calcium buffering or the intracellular chloride concentration, and hence GABA A receptor-mediated currents, we used perforated patch recording. The electrode solution normally contained (in mM) 135 KCl, 10 HEPES, 2 MgCl 2 , 5 Na 2 EGTA, 0.5 CaCl 2 , and 2 MgATP, pH adjusted to 7.2 with KOH, to which gramicidin A (64 g/ml; Sigma) was added on the day of use (the tip of the electrode was filled with solution lacking gramicidin to facilitate seal formation). Gramicidin A allows monovalent cations to cross the membrane, but not anions or divalent cations (Akaike, 1996) . In some experiments (see Fig. 9C,D) , as noted in Results, Na 2 EGTA and CaCl 2 were replaced with 10 mM BAPTA. The electrode solution also contained Lucifer yellow (0.8 mg/ml) to allow visualization of whether the perforated patch had altered to the whole-cell mode, allowing Lucifer into the cell. Typically, after sealing onto the cell membrane, it took ϳ30 -40 min for sufficient perforant to enter the membrane to lower the series resistance below 25 M⍀. The series resistance was then compensated to ϳ15 M⍀. Maintaining perforated patch recordings was not difficult in normal solution, but the cell swelling produced by metabolic inhibition often led to the perforated patch rupturing after the AD (ascertained by a sudden change of membrane current and the entry of Lucifer yellow into the cell). Electrode junction potentials were compensated for.
Field potential recording. Noninvasive recording of the time of the AD was performed by recording the field potential with an extracellular recording electrode (a patch pipette filled with external solution) placed in the pyramidal cell proximal apical dendrite layer (Rader and Lanthorn, 1989) .
Detection of cell swelling. To analyze the effect of blocking GABA receptors on the swelling that occurred at the time of the AD, we used the fact that in submerged slices swelling leads to less scattering of light passing through the slice and so increases the intensity of transmitted light (Kreisman et al., 1995; Joshi and Andrew, 2001) . This is because intracellular organelles scatter light and reduce the transmitted light, but when cells swell, the organelles are diluted, reducing scattering and increasing transmittance. We used the microscope white light illuminator (set to very dim illumination) as the light source and detected the light transmitted through an area of size 120 ϫ 96 m centered on the pyramidal cell somata in CA1, using a photomultiplier connected to a current to voltage converter. Signals were filtered at 1 Hz. As a check on the high time resolution data obtained in this way, we also measured the soma diameter of CA1 pyramidal cells. A 12.5% increase in light transmittance measured 5 min after the peak of the AD (see Fig. 7E ) was correlated with a 43% increase of soma diameter, from 10.66 Ϯ 0.17 m before ischemia to 15.22 Ϯ 0.56 m 5 min after the AD ( p ϭ 1.7 ϫ 10 Ϫ8 ; 111 cells before ischemia; 25 cells after the AD).
Data analysis. Data are presented as the means Ϯ SEM, and the significance of changes was assessed with a two-tailed Student's t test. Most figures showing slow responses to ischemia are filtered at 5 Hz for clarity of display, so spontaneous IPSCs are not visible. For analysis and display of spontaneous IPSCs, data were filtered at 2-5 kHz. When quantifying IPSC occurrence, IPSCs were defined as current deflections that had an amplitude (measured from the mean current) greater than the peak-to-peak amplitude of the current noise and with a decay time constant at least twofold slower than the rise time (on average, it was fourfold slower). Events Ͻ10 pA in amplitude were not detectable above the baseline noise.
Results
Action potential-independent exocytotic release of GABA occurs before the AD To analyze the mechanisms of GABA release in ischemia, we whole-cell clamped area CA1 pyramidal cell layer neurons and used their GABA A receptors as sensors of the rise of extracellular GABA concentration occurring in ischemia. The excitatory pyramidal cells constitute 98% of the cell bodies in the pyramidal cell layer (Aika et al., 1994) and are thought neither to release GABA exocytotically nor to express GABA transporters (Ribak et al., 1996; Yan et al., 1997) , so using a pyramidal cell as a sensor should not alter the ischemia-evoked [GABA] o change. The chloride concentration in the pipette was set equal to that in the external solution, to minimize changes of E Cl caused by ischemia (Ingle-field and Schwartz-Bloom, 1998); thus, E Cl ϭ 0 mV and GABA A receptor-mediated currents are inward. Figure 1 A shows the response to ischemia of a whole-cell clamped pyramidal neuron. On applying ischemic solution, a slowly developing inward current is seen for the first ϳ6 min, after which a sudden large inward current occurs that then sags back to a smaller inward plateau. The large inward current is the cause of the AD (Hansen, 1985) , which occurs in cells that are not voltage clamped (see Fig. 6 ), and will be termed the AD current. It coincides with an increase in [K ϩ ] o to ϳ50 -60 mM caused by the sodium pump being inhibited by [ATP] falling (Hansen, 1985) and a release of glutamate that activates NMDA and AMPA receptors (Fig. 1 E) (for a detailed characterization, see Rossi et al., 2000) . The time at which the AD occurred was not significantly different when measured noninvasively with field potential recording (see Materials and Methods; 386 Ϯ 6 sec after the start of ischemia in seven slices; data not shown) or with patch clamping as in Figure 1 (398 Ϯ 10 sec in 10 cells; p ϭ 0.37 compared with field potential recording), showing that patch clamping of the sensing cell does not grossly alter the events generating the AD.
The enlarged traces in Figure 1 B, 1 min before ischemia and 4 min after ischemia, show that the inward current developing before the AD includes numerous spontaneous synaptic currents (Fleidervish et al., 2001) . These occurred at a rate (28.4 Ϯ 5.4 Hz in four cells, averaged from 3.5-4 min after the start of ischemia) that was 20-fold higher than in non-ischemic solution (1.4 Ϯ 0.2 Hz in 27 cells; p ϭ 2 ϫ 10 Ϫ14 ) (Fig. 1C ). They were reduced in frequency by 98.7% by 10 M GABAzine (SR95531; to 0.36 Ϯ 0.12 Hz in four cells; p ϭ 0.01) (Fig. 1C) , consistent with previous studies on non-ischemic CA1 pyramidal cells that found that sIPSCs comprise up to 97% of recorded spontaneous currents (Ropert et al., 1990; De Simoni et al., 2003) , with sEPSCs being far less numerous. They were not significantly affected by TTX (1 M; four cells) (Fig. 1C) . Thus, essentially all of the spontaneous events seen before the AD in Figure 1B are miniature IPSCs produced by exocytosis of GABA-containing vesicles.
Consistent with GABA release occurring before the AD, the presence of 10 M GABAzine (as in Fig. 1 F) reduced the mean inward current 1 min before the AD (measured from the pre-ischemia baseline and labeled pre-AD current in Fig. 1 A) from 186 Ϯ 18 pA (in 33 control ischemia cells) to 56 Ϯ 9 pA (in 5 cells in ischemia with GABAzine; p ϭ 2 ϫ 10 Ϫ7 ) (Fig. 1 D) . Thus, GABA release generates a mean current of ϳ130 pA 1 min before the AD.
GABA is released after the AD Applying GABAzine 2 min after the peak of the AD current in Figure 1 A suppressed approximately half of the inward plateau Figure 1 . Ischemia evokes GABA release before and after the AD. A, Current response of a CA1 pyramidal cell to ischemia in the whole-cellvoltageclampmode,withmeasuredparametersmarked(dashedlineindicatestheextrapolatedbaseline).Theplateaucurrent wasmeasured2minaftertheAD;GABAzine(GZ)wasthenappliedtoassessGABArelease,andthecurrentsuppressedwasmeasured3min after the AD. B, Expanded regions taken from 1 min before and 4 min after ischemia solution was applied (2 min before the AD), showing that there is an increase in the frequency of spontaneous postsynaptic currents in the buildup to the AD. C, Frequency of spontaneous postsynaptic currents in non-ischemic solution (No Isch; 27 cells) and 4 min after application of normal ischemic solution, or ischemic solution containing 10 M GABAzine (GZ), 1 M TTX, or 100 M SKF-89976A (SKF), or normal ischemic solution in slices pretreated with concanamycin (Conc) (4 cells for each ischemic condition). D, Magnitude of the pre-AD current (1 min before the AD, measured from the pre-ischemicbaseline)incontrolischemiasolutionandinischemiasolutioncontaining10MGABAzine.E,Applicationof25MNBQXand 50 M AP5 shows that about half of the plateau current after the AD is generated by glutamate receptors. F, For ischemia in the presence of GABAzine throughout, NBQX plus AP5 blocks almost all of the plateau current. G, The size of the glutamate receptor-mediated current (measured as in A for the GABAzine-blocked current) was not affected by blocking GABA A receptors (6 interleaved cells in each group). H, The amplitude of the AD current was not affected by blocking GABA A receptors. I, The plateau current was halved in the presence of GABAzine. All data are at Ϫ33 mV. current at that time, showing that GABA is being released after the AD as well as before it. The GABAzine-suppressed current (609 Ϯ 35 pA in 63 cells) was larger than the GABA-mediated current that developed during the spontaneous synaptic currents seen before the AD (ϳ130 pA 1 min before the AD; see above), demonstrating that after the AD more GABA is being released.
The GABA A receptor blocker bicuculline (40 M) suppressed a current after the AD (516 Ϯ 96 pA) that was not significantly different from that suppressed by GABAzine (603 Ϯ 135 pA; p ϭ 0.62; five interleaved slices studied for each blocker). This implies that there is no significant contribution to the ischemia-evoked GABA-activated conductance from the bicuculline-sensitive, GABAzine-insensitive GABA A receptors that generate a small tonic conductance in pyramidal cells (Bai et al., 2001) ; we found that bicuculline suppressed a tonic inward current of 16.3 Ϯ 1.3 pA in four cells in non-ischemic solution. This may be because these receptors are high affinity and are saturated even in nonischemic conditions (Yeung et al., 2003) . For quantifying ischemia-evoked GABA release, we preferred to use GABAzine rather than bicuculline as a GABA A receptor blocker because bicuculline also blocks some potassium channels (Khawaled et al., 1999) .
Applying glutamate receptor blockers after the AD also blocked about half of the plateau current ( Fig. 1 E) , suggesting that most of the rest of the (non-GABA-mediated) post-AD plateau current is produced by activation of glutamate receptors, as reported previously (Rossi et al., 2000) . The size of the glutamatemediated current during the post-AD plateau was not significantly affected by blocking GABA A receptors (Fig. 1 F, G) . The amplitude of the AD current was not significantly different in the presence of GABAzine ( Fig. 1 E, F,H ), but the amplitude of the plateau current 2 min after the peak of the AD was halved ( p ϭ 0.04) by 10 M GABAzine ( Fig. 1 E, F,I ), confirming that the plateau current is mediated by a combination of glutamate and GABA receptor activation.
GABA release after the AD is not by exocytosis
To investigate the mechanism of GABA release after the AD, we used the size of the current suppressed when GABAzine was applied 2 min after the AD (as in Fig. 1 A) as a measure of GABA release. The concentration of GABAzine used (10 M) was sufficient to block 94 Ϯ 4% of the plateau current produced by the application of 100 M GABA to CA1 pyramidal cells in nonischemic solution (the mean GABA-evoked current without GABAzine was 2733 Ϯ 745 pA peak; 1597 Ϯ 339 pA plateau; three cells; data not shown), i.e., sufficient to almost completely block GABA A -mediated currents of the size likely to be present during the post-AD plateau (the plateau current is ϳ2 nA, approximately half of which is blocked by glutamate receptor blockers) (Fig. 1 I) . Control experiments, superfusing 1 mM GABA 2 min after the AD, established that the GABA A receptors were not saturated at this time (see Fig. 8 D) , and so the GABAzinesuppressed current is expected to become smaller if GABA release is decreased.
Applying TTX (1 M), to prevent action potentials, had no effect on the GABA-mediated current after the AD (Fig. 2 A, B) , establishing that action potentials do not contribute significantly to the GABA present after the AD (just like before the AD) (Fig.  1C) . TTX also had no significant effect on the time to the AD or the amplitude of the AD current (data not shown).
To block exocytotic release of vesicular GABA, we soaked slices in the vesicular H ϩ -ATPase inhibitor concanamycin (0.5 M) before recording. By abolishing the proton electrochemical A, In the presence of 1 M TTX to block action potentials during application of ischemia solution, the current response of CA1 pyramidal neurons to ischemia was unchanged (compare Fig. 1 A) . B, The size of the post-AD GABAzine-blocked current was not significantly different in the presence and absence of TTX (9 control cells, 6 interleaved TTX cells). C, Depleting vesicles of GABA using concanamycin abolished IPSCs evoked in CA1 pyramidal neurons by electrical stimulation (in the presence of 25 M NBQX and 50 M AP5 to block glutamate receptors), showing that vesicle depletion had been successful [7 control (Con) cells, 7 concanamycin (Concan) cells; p Ͻ 0.05 for all stimulation voltages above 10 V]. D, Blocking vesicular GABA release had little effect on the response of CA1 pyramidal neurons to ischemia (compare Fig. 1 A) . E, Blocking vesicular GABA release slightly prolonged the time to the AD. F, Blocking vesicular GABA release had no significant effect on the size of the AD current. G, The amplitude of the GABAzineblockable current after the AD was not affected by blocking vesicular release (10 cells in control ischemia solution, 8 interleaved cells pretreated with concanamycin for E-G). All data are at Ϫ33 mV. 9gradient across the vesicle membrane (Manabe et al., 1993; Dröse and Altendorf, 1997) , this drug prevents the accumulation of transmitter within vesicles and thereby prevents transmitter release by exocytosis (Zhou et al., 2000; Rossi et al., 2003) . We first checked that concanamycin did indeed block exocytotic release of GABA by recording evoked IPSCs in normal solution containing glutamate receptor blockers. Soaking in concanamycin reduced the amplitude of IPSCs evoked in CA1 pyramidal neurons by stimulating GABAergic interneurons in the stratum radiatum or stratum oriens (on the border of CA1/CA3) by ϳ90% at all stimulation intensities (Fig. 2C) , compared with data recorded from interleaved slices soaked in solution lacking concanamycin. Similarly, when ischemic solution was applied to slices that had been soaked in concanamycin, the rate of occurrence of spontaneous synaptic currents (averaged over the period from 3.5-4 min after the start of ischemia) was reduced by 88% (Fig. 1C) , from 28.4 Ϯ 5.4 Hz without concanamycin pretreatment to 3.4 Ϯ 0.9 Hz with concanamycin pretreatment ( p ϭ 0.02; four cells each). However, the AD occurred with approximately its normal latency (Fig. 2 E) and current amplitude (Fig.  2 F) , and the size of the GABAzine-suppressed current after the AD was unaffected (Fig. 2G) .
Thus, most of the GABA release after the AD is not by exocytosis.
GABA release after the AD is primarily by reversal of GAT-1 GABA transporters
Most of the glutamate released by simulated ischemia is released by reversal of glutamate transporters (Rossi et al., 2000) . To test whether GABA transporters also reverse, we used SKF-89976A, a nontransported inhibitor of the GABA transporter GAT-1 (Borden et al., 1994) , which is present mainly in interneurons but also in astrocytes in the hippocampus (Ribak et al., 1996; Yan et al., 1997) .
To check that SKF-89976A did block these transporters, in slices in nonischemic solution we recorded the response of pyramidal cells to superfused GABA (10 M) and THIP (4,5,6,7-tetrahydroisoxazolo[5,4-c] pyridin-3-ol; 20 M), an agonist of the GABA A receptor that is not transported by GABA transporters (Kemp et al., 1986; Korn and Dingledine, 1986 ). SKF-89976A (100 M) itself did not produce a significant current (3.0 Ϯ 1.8 pA inward current at Ϫ33 mV; p ϭ 0.18), and when applied on the plateau of the response to THIP (ϳ0.6 nA) it reduced the response to THIP by only 7.6 Ϯ 0.7% in five cells (Fig. 3A) , showing that there is only minor desensitization of GABA A receptors produced by the block of GABA uptake increasing GABA levels in the slice (Overstreet et al., 2000) . However, SKF-89976A greatly increased the response to GABA (Fig. 3B) . Under control conditions (Fig. 3C) , the ratio of the response produced by bath-applied GABA to that produced by THIP was 0.55 Ϯ 0.10, but in the presence of SKF-89976A, the ratio of the responses to GABA and THIP increased to 1.57 Ϯ 0.16 (significantly different from control conditions; p ϭ 0.0002). These data are consistent with GABA transport being reduced so that a higher GABA concentration is able to penetrate into the slice.
When ischemia solution was applied in the maintained presence of SKF-89976A (Fig. 3D) , the latency and size of the AD current were not affected (Fig. 3 E, F ) , nor was the frequency of spontaneous synaptic currents (23.9 Ϯ 5.1 Hz in four cells; averaged over the period 3.5-4 min after the start of ischemia; p ϭ 0.57 compared with control ischemia in the absence of SKF-89976A) (Fig. 1C) . However, the size of the post-AD current blocked by GABAzine was reduced by 70% ( p ϭ 0.003) (Fig.  3 D, G) . Thus, much of the GABA release after the AD is by reversal of GAT-1.
The magnitude of the GABAzine-blocked current remaining in the presence of SKF-89976A was not significantly affected by pretreatment with concanamycin (196 Ϯ 74 pA in eight cells without and 124 Ϯ 44 pA in seven cells with concanamycin pretreatment; p ϭ 0.42; data not shown), showing that no exocytotic component of GABA release after the AD was detectable even with release by reversed uptake inhibited.
Although GAT-1 is the major GABA transporter in the hippocampus, the glial transporter GAT-3 is also present (Ribak et al., 1996) . To determine whether GABA is also released by reversed transport on GAT-3, we tested the effect of the GAT-3 inhibitor ␤-alanine. Unlike SKF-89976A, ␤-alanine is a lowaffinity transport substrate and a low-affinity GABA A receptor agonist, so we adopted the approach used by Rossi et al. (2000 Rossi et al. ( , 2003 to block reversed transport of glutamate or GABA (i.e., D, In the presence of SKF-89976A throughout ischemia to block GAT-1, the GABAzine-evoked current after the AD was reduced, showing a reduction of GABA release. E, The time of the AD was not altered when GAT-1 was blocked with SKF-89976A. F, The amplitude of the AD current was not affected by SKF-89976A. G, The GABAzine-blockable current was reduced by 70% when GAT-1 was blocked (7 cells studied in control ischemia solution, 8 interleaved cells with SKF-89976A). All data are at Ϫ33 mV.
preloading cells with the transported inhibitor). We incubated slices for at least 1 hr with 1 mM ␤-alanine and then switched to solution lacking ␤-alanine. The aim was to accumulate ␤-alanine inside cells, where it will occupy the transporter and reduce transport of GABA out of the cells if the transporter is running backward (or reduce transport into the cells if the transporter is running in the forward direction). To check that ␤-alanine preloading succeeded in impairing GABA transport, we again compared the pyramidal cell responses to exogenous GABA and THIP. As for SKF-89976A, ␤-alanine preloading had little effect on the response to THIP (Fig. 4 A-C) , showing that GABA A receptors had not been desensitized either by ␤-alanine itself or by increased GABA levels in the slice because of the block of uptake, but it increased the ratio of the response produced by bathapplied GABA to that produced by THIP (Fig. 4 A, B,D) . However, ␤-alanine preloading did not greatly affect the response to ischemia (Fig. 4 E) : although the latency to the AD was slightly increased (Fig. 4 F) , there was no change in the amplitude of the AD current or the size of the GABAzine suppressible current (Fig.  4G,H ) , implying that neither reversal of, nor uptake by, GAT-3 contributes significantly to regulating the extracellular GABA concentration reached after the AD.
We conclude that most of the GABA released after the AD is via reversal of GAT-1 transporters.
Ischemia-evoked GABA release still occurs in the presence of glutamate receptor blockers
The depolarization and ion fluxes caused by activation of glutamate receptors during ischemia contribute to causing the reversal of glutamate transporters and release of glutamate (Rossi et al., 2000) . To determine whether activation of glutamate receptors is necessary to cause ischemia-evoked GABA release, we recorded the response to ischemia with AMPA, kainate, and NMDA receptors blocked using 25 M NBQX, 50 M D-AP5, 50 M MK-801, and 100 M 7-chlorokynurenic acid. Ischemia then evoked a slowly developing inward current (i.e., lacking the sudden large AD current seen when glutamate receptors were not blocked) (Fig. 5A) , with superimposed synaptic currents similar to those seen in solution lacking glutamate receptor blockers (Fig. 1 B) . The inward current that developed was attributable to GABA release because it was blocked by GABAzine ( Fig. 5A) : the GABAzine-blocked current measured at 18 -20 min after the start of ischemia was 879 Ϯ 88 pA in eight cells (Fig. 5C ). This phase of the GABA release was primarily by reversed uptake, because repeating the experiment in the presence of SKF-89976A to block GAT-1 reduced the GABAzine-blocked current by 68% ( p ϭ 0.0007; five cells in SKF-89976A) (Fig. 5 B, C) .
Blocking GABA A receptors increases the AD
To examine the functional effects of GABA A receptor activation during ischemia, we examined the effect of blocking GABA A receptors on the voltage response and swelling of pyramidal cells induced by ischemia. Figure 6 A shows the voltage response of an area CA1 pyramidal cell to simulated ischemia, recorded using gramicidinperforated patch clamping to avoid altering the intracellular chloride or calcium concentration of the cell. The initial response to ischemia was a depolarization of a few millivolts (filled arrow; 2.3 Ϯ 0.2 mV in six cells) often accompanied by an increase in action potential rate, and this was then followed by a hyperpolarization below the initial resting potential (open arrow; 6.9 Ϯ 1.6mV in 6 cells), which always stopped action potential production. These changes may, in part, reflect a previously documented Figure 4 . ␤-Alanine preloading blocks the glial GABA transporter GAT-3 but does not reduce ischemia-evoked GABA release. A, Response of a pyramidal cell in an untreated slice in nonischemic solution to GABA (10 M) and to the nontransported GABA analog THIP (20 M). B, As in A, but in a ␤-alanine-loaded slice. C, The size of the THIP response in A and B was not affected by ␤-alanine loading. D, The ratio of the GABA response to the THIP response increased 2.5-fold in ␤-alanine-loaded slices (data from 6 control and 6 ␤-alanine-treated interleaved slices for C and D). E, After ␤-alanine loading, the response to ischemia was little affected (compare Fig.  1 A) . F, The time to the AD was slightly prolonged in ␤-alanine-loaded slices (data from 7 control and 6 ␤-alanine-loaded interleaved slices for F-H ). G, The amplitude of the AD current was not affected by ␤-alanine. H, The size of the GABAzine-blockable current after the AD was not affected by ␤-alanine preloading. All data are at Ϫ33 mV. rather than K ϩ was inside the cell. Then, after ϳ4 min, a noisy depolarization developed slowly, on which occasional action potentials were superimposed, before a sudden regenerative depolarization to a voltage more positive than Ϫ20 mV occurred (the AD).
When this procedure was repeated with GABA A receptors blocked throughout with 10 M GABAzine (Fig. 6 B) , the resting potential in non-ischemic solution was not significantly different compared to control cells ( p ϭ 0.72) (Fig. 6C) , and neither was the initial depolarization seen in response to ischemia (mean value, 2.7 Ϯ 0.4 mV in five cells; p ϭ 0.43 compared with no GABAzine), nor the subsequent hyperpolarization (7.1 Ϯ 2.7 mV; p ϭ 0.95), nor the increase in action potential production during the initial depolarization ( p ϭ 0.32) or just before the AD ( p ϭ 0.9). However, the depolarization reached just after the AD was 5 mV more positive with GABA A receptors blocked ( p ϭ 0.04) (Fig. 6 D) .
GABA release promotes cell swelling at the time of the AD As explained above, Cl Ϫ entry through GABA A channels is expected to promote cell swelling in ischemia. To investigate this, we used the fact that cell swelling leads to a decrease of light scattering and an increase of light transmittance through the slice (Kreisman et al., 1995; Joshi and Andrew, 2001) , as schematized in Figure 7A . Figure 7B shows a specimen record of light transmittance during application of normal ischemic solution. After 6 -7 min of ischemia, there is a sudden increase of transmittance, which then decreases slowly. The sudden increase was shown, by simultaneous recording of the extracellular field potential (see Materials and Methods), to occur at the same time as the AD (Fig.   Figure 5 . Blocking all ionotropic glutamate receptors does not prevent GABA release during ischemia. A, Response of a cell to ischemia in the presence of 25 M NBQX, 50 M D-AP5, 50 M MK-801, and 100 M 7-chlorokynurenic acid to block glutamate receptors. The ischemic response was delayed, but a slow inward current developed after 10 min that was completely blocked by GABAzine, showing it to be mediated by GABA A receptor activation. Increased noise on the trace is spontaneous synaptic currents. B, With GAT-1 blocked throughout with 100 M SKF-89976A, a GABA A -mediated inward current still developed but the amplitude was greatly reduced, whereas spontaneous events were still seen before the AD. C, The amplitude of the GABAzine-blockable current was reduced by 68% when GAT-1 was blocked (8 cells studied in control solution, 5 interleaved cells with 100 M SKF-89976A). All data are at Ϫ33 mV. 7B), and the increase measured 5 min after the AD was correlated with a 43% increase of the soma diameter (see Materials and Methods). When this experiment was performed in the presence of GABAzine (Fig. 7C) , the initial rapid increase of transmittance was reduced to less than half (Fig. 7D) , although the final level of transmittance reached after several minutes was unaffected (Fig.  7E) . This suggests that with GABA A receptors blocked there is less initial swelling when glutamate depolarizes cells at the time of the AD, presumably because Cl Ϫ can enter less readily, but that slower Cl Ϫ entry through routes other than GABA A receptors (yet to be determined) eventually results in a similar amount of swelling occurring. Blocking GABA release with a combination of concanamycin pretreatment and SKF-89976A also reduced the initial phase of the swelling (Fig. 7 F, G) , but by less than was seen with the block of GABA A receptors, presumably because concanamycin and SKF-89976A do not completely block GABA release (compare the incomplete block of the GABAzinesuppressed current in Figs. 3G and 5C ).
GABA A receptors become inactivated after the AD by Ca

2؉
entry through NMDA receptors Since glutamate released after the AD activates NMDA receptors (Rossi et al., 2000) and Ca 2ϩ entry through NMDA receptors is known to reduce the activity of GABA A receptors (Inoue et al., 1986; Stelzer and Shi, 1994; Chen and Wong, 1995) , we were interested in whether inactivation of GABA A receptors after the AD might explain the lack of effect of GABAzine on swelling 5 min after the AD (Fig. 7E) .
The whole-cell clamp data in Figures 1-5 were obtained using BAPTA as the calcium buffer in the pipette. In this situation, applying GABAzine or GABA after the AD generated an outward or inward current, respectively (Fig. 8 A, D) . When the slower buffer EGTA with 0.5 mM Ca 2ϩ was used, GABA did evoke a current if applied before ischemia (1.9 Ϯ 0.3 nA peak current on application of 100 M GABA; four cells; data not shown), but GABAzine and GABA evoked no current after the AD (Fig.  8 B, C, E, F ) , and the post-AD plateau current was smaller (Fig.  8G) , suggesting that the contribution of GABA A receptors to the plateau was missing.
We blocked NMDA receptors with MK-801 (50 M) to see whether that would preserve GABA A receptor function even when using EGTA as a buffer (Fig. 8 H) . MK-801 prolonged the latency to the AD by 1.5 min ( p ϭ 0.02; seven cells without and eight cells with MK-801) (Fig. 8 I) and reduced the AD current amplitude by 36% ( p ϭ 0.01; Fig. 8 J) , consistent with NMDA receptors playing a major role in generating the AD (Rossi et al., 2000) . In this situation, GABAzine was again able to evoke a current change after the AD (Fig. 8 H, K ) , which was almost as large as that seen using a BAPTA-based internal solution (Fig.  8C) . Thus, the lack of a GABAzine-blocked current in Figure 8 B does not reflect a lack of ischemia-evoked GABA release into the slice when EGTA is used in the pipette clamping the sensing cell (indeed, GABA release is presumably from surrounding interneurons that do not have their internal solution composition When cells swell, the organelles are diluted, reducing scattering and increasing transmittance. B, Light levels transmitted through a slice remained constant until the time of the AD, when there was a sudden increase in transmittance attributed to cellular swelling. The bottom trace shows the extracellularly recorded field potential for correlation of the timing of swelling and of the AD. C, With GABA A receptors blocked, the initial increase in light transmittance (marked by a horizontal arrow) at the time of the AD was reduced, but transmittance continued to increase slowly over a number of minutes. D, The initial light increase at the time of the AD was reduced in GABAzine (8 slices control ischemia solution, 4 8 interleaved slices with GABAzine). E, The final increase in light transmittance, measured 5 min after the AD, was unchanged in the presence of GABAzine. F, The initial light increase at the time of the AD was reduced by pretreating slices with 0.5 M concanamycin and applying 100 M SKF-89976A throughout (14 slices control ischemia, 15 interleaved slices with concanamycin plus SKF-89976A). G, The final increase in light transmittance, measured 5 min after the AD, was unchanged by treatment with concanamycin and SKF-89976A. altered) but reflects a loss of GABA A receptor function in the sensing cell (Fig. 8D-F) . This implies that, in vivo, the Ca 2ϩ influx through NMDA receptors could severely reduce the effect of GABA release after the AD if the calcium-buffering power of the cell is weak.
To test whether the endogenous calcium buffering of the cell is, in fact, high enough to allow GABA A receptors to function after the AD, we used voltage clamping in the gramicidinperforated patch mode that, unlike wholecell clamping, allows us to record GABA A receptor-mediated currents without perturbing the normal intracellular calcium buffering. Ischemia evoked an outward current of mean amplitude 243 Ϯ 24 pA in 23 cells (Fig. 9A) , which was sometimes preceded by a small transient inward current at the time of the initial depolarization seen in Figure 6 (35.5 Ϯ 6.5 pA in 15 of 23 cells). The outward current was reduced to 95 Ϯ 23 pA (six cells; data not shown) if GABAzine was present throughout the ischemic episode ( p ϭ 0.0003 compared with no GABAzine), consistent with activation of GABA A receptors by exocytotic GABA release before the AD.
(This GABA A -mediated outward current is not evident as a voltage change before the AD in Fig. 6 because the chloride reversal potential is close to the resting potential). The outward current was followed by a large inward AD current (ϳ1.3 nA, smaller than the ϳ5 nA seen in the wholecell mode because of the much higher series resistance inherent in perforated patch recording), which then decreased to a maintained plateau (Fig. 9A ). Applying GABAzine 2 min after the AD evoked no current change in four cells (Fig. 9A) . Because there is some uncertainty about the value of the chloride reversal potential at this time (Inglefield and Schwartz-Bloom, 1998 ) and E Cl could theoretically, by chance, have moved to be near our holding potential of Ϫ33 mV, in two of the four cells studied we also applied voltage steps to check whether a GABAzine-blocked current occurred at any potential. No change in current was produced by GABAzine at potentials between Ϫ23 and Ϫ63 mV (Fig. 9B) . In another four cells that went to the whole-cell mode after the AD, allowing BAPTAcontaining medium to enter the cell (which would normally have sustained GABA A receptor function), we also found no GABAzine-blocked current (Fig.  9C,D) , probably because the rise of calcium occurring at the time of the AD leads to a long-lasting suppression of GABA A receptor function. [Stelzer and Shi (1994) showed that the suppression produced by high Ca 2ϩ loads can last for Ͻ60 min. Thus, although ischemia leads to a large release of GABA, and although and activation of GABA A receptors reduces the AD (Fig. 6 D) and increases cell swelling just after the AD (Fig. 7D) , a few minutes later GABA A receptors are inactivated by calcium that enters through NMDA receptor channels. A, Response to ischemia of a cell whole-cell clamped with BAPTA as the internal calcium buffer: GABAzine reduces the inward plateau current after the AD. B, Response to ischemia of a cell whole-cell clamped with EGTA as the calcium buffer: GABAzine has no effect on the plateau current. C, Mean GABAzine-blockable current after the AD when cells were dialyzed with BAPTA (6 cells) or with EGTA internal solution (8 interleaved cells). D, Using BAPTA, a cell responds to exogenous 1 mM GABA after the AD. E, Using EGTA a cell does not respond to GABA after the AD. F, Mean GABA-evoked current after the AD when cells were dialyzed with BAPTA (5 cells) or with EGTA internal solution (5 cells). G, The amplitude of the plateau current after the AD was halved when EGTA was used as the calciumbuffer(10cellsdialyzedwithEGTA,10interleavedcellswithBAPTA).H,BlockingNMDAreceptorswith50MMK-801throughout ischemia in a cell whole-cell clamped with EGTA internal solution allows a GABAzine-blockable current to remain after the AD. I, MK-801 delayed the AD (7 EGTA cells in control solution, 8 interleaved EGTA cells with MK-801). J, MK-801 decreased the amplitude of the AD current. K, Mean GABAzine-blocked current after the AD with EGTA internal was rescued by MK-801. All data are at Ϫ33 mV.
Discussion
We have explored (1) the mechanisms of GABA release in ischemia (using a whole-cell pipette solution with high Ca 2ϩ -buffering power to preserve the function of the GABA A receptors used to sense released GABA), (2) the effects that Ca 2ϩ influx through NMDA receptors might have on GABA A -mediated currents (using a pipette solution of lower Ca 2ϩ -buffering power), and (3) the effects that NMDA receptor-mediated Ca 2ϩ influx actually has (using perforated patch recording).
Ischemia evokes GABA release by two separate sequential mechanisms Ischemia evokes GABA release initially by an increased frequency of exocytotic events (Fig. 1) and later, after the run-down of ion gradients associated with the AD, by reversed operation of neuronal GABA transporters (Fig. 3) . The same sequence of release modes occurs for ischemia-evoked glutamate release (Katchman and Hershkowitz, 1993; Rossi et al., 2000) . Thus, exocytotic release is more sensitive than transporter-mediated release to the energy deprivation induced by ischemia, possibly because vesicle release is increased by a small rise of [Ca 2ϩ ] i early in the rundown of ion gradients that occurs in ischemia Fig. 2 ), whereas reversal of transporters requires that there is time for a larger run-down of transmembrane ion gradients to occur (Attwell et al., 1993) .
There may also be some GABA release by reversed uptake before the AD. This cannot be rigorously quantified by the application of SKF-89976A because, although this blocks release by reversal of GAT-1, it will also (by preventing GABA uptake) increase the effect of the GABA being released by exocytosis at this time.
The size of the GABA-mediated current 1 min before the AD (ϳ130 pA) (Fig. 1 D) was only 20% of that after the AD (ϳ610 pA) (Fig. 2) , showing that more GABA is released after the AD than before it.
GABA is released after the AD by reversal of neuronal, but not glial, transporters GABA transporters are powered by the cotransport of 2 Na ϩ and 1 Cl Ϫ ions (Richerson and Wu, 2003) and so have less accumulative power than glutamate transporters that cotransport 3 Na ϩ and 1 H ϩ and counter-transport 1 K ϩ (Zerangue and Kavanaugh, 1996; Levy et al., 1998) . Consequently, GABA transporters reverse readily when the membrane is depolarized or intracellular GABA concentrations rise (Gaspary et al., 1998; Wu et al., 2001; Richerson and Wu, 2003) .
Inhibition of GAT-1 (but not GAT-3) transporters reduced ischemia-evoked GABA release by reversed uptake after the AD (Figs. 3, 4) . GAT-1 is mainly in interneurons (particularly synaptic terminals) whereas GAT-3 is glial (Ribak et al., 1996) , so this difference could reflect a faster run-down of ion gradients in neurons than in glia, or a higher [GABA] i in neurons than in glia, which would preferentially promote the reversal of neuronal transporters.
[GABA] i increases during ischemia (Erecinska et al., 1984; Madl and Royer, 2000) because low [ATP] stimulates Figure 9 . GABA A receptors are inactivated after the AD in CA1 neurons when the internal calcium buffering of the cell is not altered by whole-cell clamping. A, Recording of a CA1 neuron at Ϫ33 mV in the perforated-patch mode, showing no response to the application of GABAzine 2 min after the AD; arrows mark two sets of voltage steps applied before and in GABAzine. B, Current responses to voltage steps applied before GABAzine (black lines) and in GABAzine (gray lines). The two sets of traces superimpose, showing that the lack of response to GABAzine seen at Ϫ33 mV in A is not attributable to the chloride reversal potential being close to Ϫ33 mV (4 cells had GABAzine applied, and two of these were stepped to different potentials as here). C, D, GABA A receptors remain desensitized after the AD, after going to the whole-cell mode from the perforated-patch mode with a BAPTA-buffered internal solution. C, Cell recorded in the perforated-patch mode at Ϫ33 mV; the first large inward deflection is the AD current, and the second is the cell shifting from the perforated to the whole-cell mode (as assessed by the entry 4 of Lucifer yellow into the cell). Application of GABAzine did not affect the plateau current, despite the presence of BAPTA inside the cell. D, Current response to voltage steps applied before GABAzine (black lines) and in GABAzine (gray lines). The two sets of traces superimpose, showing that the lack of response to GABAzine in C is not attributable to the chloride reversal potential shifting to be at Ϫ33 mV (done in 4 cells).
GABA synthesis by glutamate decarboxylase, the acidic intracellular pH occurring in ischemia inhibits GABA breakdown by GABA transaminase, and loss of vesicular GABA (after the vesicular H ϩ -ATPase is inhibited when [ATP] falls) may raise the cytoplasmic [GABA] . The increase in [GABA] i is primarily in neuronal terminals, rather than glia (Torp et al., 1993; Madl and Royer, 2000) , so the rise of [GABA] i produced by these mechanisms will preferentially promote the reversal of the neuronal GAT-1.
Exocytosis is not a significant GABA release mechanism after the AD Depletion of GABA from vesicles with concanamycin did not affect the GABA-mediated current after the AD (Fig. 2) . Similarly, the ischemia-evoked release of glutamate after the AD is not affected by preventing glutamate exocytosis (Rossi et al., 2000) . Because the high [Ca 2ϩ ] i after the AD would normally be expected to trigger exocytosis, these results suggest that exocytotic release is inhibited after the AD. This could be because vesicles are depleted of transmitter as a result of [ATP] falling and inhibiting the vesicular H ϩ -ATPase, so that although vesicles can still fuse with the surface membrane, they no longer contain transmitter, or it could reflect a depletion of releasable vesicles as a result of the increase in exocytotic release before the AD. Alternatively, if vesicle trafficking or refilling depend critically on G-protein signaling (Takahashi et al., 2000) , then the fall of [ATP] and [GTP] in ischemia may directly inhibit exocytosis.
Activation of glutamate receptors is not essential for reversal of GAT-1 to occur
The large GABA-mediated current evoked by ischemia in the presence of glutamate receptor blockers develops more slowly than the inward current (mediated in part by glutamate receptors) seen at the time of the AD in the absence of the blockers, suggesting that glutamate release is important for increasing the rate of rundown of the ion gradients of the cells and producing the normal explosive AD (Rossi et al., 2000) . Nevertheless, even with glutamate receptors blocked to prevent glutamate-evoked depolarization and ion fluxes, the transmembrane ion gradients do eventually run down sufficiently to reverse the operation of GABA transporters (Fig. 5) .
The effects of ischemia-evoked GABA release Ischemia-evoked GABA release and activation of GABA A receptors led to larger rapid cell swelling at the time of the AD (Fig. 7) , presumably because when glutamate, released by ischemia, depolarizes neurons, a Cl Ϫ influx through GABA A receptor channels allows an osmotic gradient to build up, which promotes water influx. This is expected to produce most damage in small dendrites in which the surface to volume ratio is high. Such damage may occur preferentially in animals older than the postnatal day 12 rats used here, because the inhibitory input to the dendrites of pyramidal cells develops later than that to the soma region (Banks et al., 2002) .
GABA release during ischemia has been hypothesized to keep cells hyperpolarized (although GABA A responses can be depolarizing) (Staley et al., 1995; Gulledge and Stuart, 2003) and thus counteract effects that lead to neuronal death (Saransaari and Oja, 1997) . Indeed, GABA release could be protective before the AD by increasing inhibition and could potentially prevent the AD from occurring during less severe episodes of ischemia. However, although activation of GABA A receptors was indeed found to reduce the size of the AD (Fig. 6) , our swelling data (Fig. 7) suggest that GABA release may be actively harmful during the ischemic insult. This is consistent with the block of GABA A receptors reducing the death of retinal and cerebellar granule neurons evoked by activation of glutamate receptors (Chen et al., 1999) and with the block of GAT-1 reducing glutamate-evoked GABA release (presumably by reversed uptake) and cell swelling in the retina (Zeevalk and Nicklas, 1996) and reducing ischemiaevoked neuronal death in vivo (Phillis, 1995) .
The block of GABA A receptors did not affect the amount of swelling occurring several minutes after the AD because of the ischemia-evoked inactivation of GABA A receptors (see below). Thus, blocking GABA A receptors delays swelling but does not abolish it (presumably because Cl Ϫ can enter cells via other channels). The significance of this for ischemia-evoked damage is uncertain, but it is possible that the cytoskeleton could adapt better to slow than to fast swelling.
Termination of the effects of GABA by Ca 2؉ entry through NMDA receptors Although GABA release affects the membrane potential reached during the AD (Fig. 6 ) and generates cell swelling around the time of the AD (Fig. 7) , calcium influx through NMDA receptors inactivates GABA A receptors a few minutes after the AD (Figs. 8, 9 ) and thus prevents further swelling evoked by GABA-evoked Cl Ϫ entry. Alicke and Schwartz-Bloom (1995) found ischemia decreases the surface expression of GABA A receptors in CA1 neurons, so internalization of GABA A receptors may underlie the lack of GABA A responsiveness after the AD. This long-lasting inactivation (Ͼ1 hr for high-calcium loads) (Stelzer and Shi, 1994 ) may lead to an abnormal excitability occurring after ischemia. Conversely, a therapeutic block of Ca 2ϩ influx through NMDA receptors might (by preserving GABA A receptor function) potentiate ischemia-evoked swelling and cell damage but preserve inhibition after a brief ischemic episode.
Implications for the effects of GABAergic drugs on the events of ischemia
Potentiation of GABAergic transmission has been suggested as a treatment for reducing ischemic damage (Green et al., 2000) , but our data show that the timing of such an increase of inhibition is important. Prophylactically potentiating GABAergic inhibition in patients at risk of stroke should increase the swelling-mediated damage that their neurons suffer at the onset of energy deprivation. In contrast, potentiating GABAergic transmission after an ischemic insult could reduce over-excitation caused by a potentiation of glutamatergic transmission triggered by the ischemic insult (for review, see Szatkowski and Attwell, 1994) and thus be neuroprotective (except in newborn patients in whom E Cl may be positive to the resting potential so that GABA is excitatory) (Lukasiuk and Pitkanen, 2000; Ben-Ari, 2002) . Because much of the GABA release during ischemia is by reversed uptake, nontransported GABA transport blockers should be neuroprotective whether applied during or after the ischemic insult. Before the AD, they will potentiate the effect of vesicularly released GABA; after the AD, they will reduce GABA release and reduce the early rapid cell swelling; after the insult, they will potentiate the inhibitory actions of GABA.
